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EVALUATION OF FRUIT AND LEAF
MORPHOLOGICAL VARIABILITY IN BEARBERRY

(Arctostaphylos uva-ursi (L.) Spreng.) DINARIC
ALPS POPULATIONS
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SUMMARY

The Dinaric Alps, including the Velebit Mountain in Croatia, are recognized for their rich plant biodiversi-
ty, including Arctic-alpine species like bearberry (Arctostaphylos uva-ursi (L.) Spreng., Ericaceae). This study
investigates the morphological diversity of bearberry populations in the northern Dinaric Alps, focusing on
fruit and leaf traits across three populations. Morphometric analysis of fruits and leaves revealed moderate
variability, with leaves exhibiting higher variability than fruits. Significant correlations were found among both
leaf and fruit traits, as well as between them, suggesting a linked growth pattern. Furthermore, contrary to our
expectations of significant population differentiation due to the rugged montane terrain, 100% of the variability
was attributed to within-population differences. This likely results from effective gene flow between populations,
facilitated by wildlife species and traditional pastoral practices on the Velebit Mountain. Additionally, the lack of
inter-population variability can be attributed to recolonization processes after the last glaciation, which suggest
a shared regional origin of the studied populations. Although the studied populations originate from different
altitudes, we did not detect a phenotypic plasticity with respect to this gradient. The lack of plasticity in the
studied bearberry populations could be due to several reasons: the inherent stability of structural characteristics
in response to environmental changes; similar soil and habitat conditions across the studied populations; and
the reduced plasticity observed in alpine plants from higher altitudes due to extreme and stable environmental
conditions. Overall, our study highlights the importance of preserving traditional land-use practices and enforc-
ing legal protections within national and nature parks to conserve diversity and ensure the survival of bearberry
populations. It underscores the role of human activities in enhancing plant population connectivity in alpine
environments and calls for integrated conservation strategies that blend habitat protection with sustainable land
use.
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INTRODUCTION

The Dinaric Alps (Dinarids) are a mountain range of
southern and south-central Europe, usually recognized
as one of the most important centres of European plant
biodiversity and endemism (Médail and Diadema 2009,
Médail et al. 2019, Liber et al. 2020). One of the largest
mountains in this area is Velebit. Situated on the Adri-
atic coast of Croatia, it stretches about 145 km from the
Vratnik pass above Senj in the northwest to the bend of
the Zrmanja river in the southeast (Forenbacher 1990).
The entire mountain area has been protected as a nature
park, encompassing two national parks and one strict
nature reserve. Velebit is home to about 2000 plant spe-
cies, subspecies and varieties with a large number of rare,
endangered, and protected plants (Topi¢ et al. 2010),
such as e.g. Sibiraea laevigata (L.) Maxim. and Degenia
velebitica Hayek.

In higher altitudes and on Velebit summits, particularly
prominent are Arctic-alpine (northern alpine) plants,
persisted in this area since the Last Glacial Period (Birks
and Willis 2008), such as e.g. Arctostaphylos uva ursi (L.)
Spreng., Dryas octopetala L. and Vaccinium vitis-idaea
L. Presently, the main part of those plants’ distribution
area is in the cold Arctic tundras, whereas in the south of
Europe they only grow in high mountainous areas, where
the climate is somewhat similar to the Arctic. Nowadays
those plants in the southern mountainous areas are iso-
lated because they are surrounded by a large area of what
is for them an unfavourable habitat (Ronikier et al. 2023).
In this isolation each group of plants lives independently,
which often results in large differences between popu-
lations (Zgisdottir et al. 2009, Bradburd et al. 2013).
Today these high-mountain and Arctic plant species are
considered to be particularly sensitive to climate change
because of their specialized adaptation to the cold envi-
ronment (Lesica and McCune 2004, Kougioumoutzis et
al. 2021, Watts et al. 2022, Walas et al. 2023).

In the group of Arctic-alpine plants, because they are
endangered and rare in the Dinaric area, we were par-
ticularly interested in the species Arctostaphylos uva-ursi,
commonly known as bearberry. A. uva-ursi is a small
procumbent woody groundcover shrub growing 5-15
cm high (Herman 1971, Forenbacher 1990). Its leaves are
evergreen, leathery and shiny, oblanceolate to obovate in
shape, sometimes narrowly elliptic, 1-3 long and 0.5-1
cm wide (Schiitt 2008). Besides the leaves, this species is
also characterized by bisexual, bell-shaped, white, pink,
or pink-tipped flowers, and 0.6-0.8 cm large globose and
red fruits (Idzojti¢ 2019). Flowering takes place in April
and May, and the fruits ripen in August and Septem-
ber (Kriissmann 1962). The fruits persist on the plants
into early winter, and are consumed by bears and many
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other animals. This species is widely distributed across
circumboreal regions of the subarctic Northern Hemi-
sphere (Schiitt 2008), including North America, Europe
and Asia. In the Dinaric area (Forenbacher 1990), there
are isolated populations on karst mountainous pastures
and glades, and in dwarf pine communities at altitudes
above 1000 m. Due to excessive harvesting in nature,
it has been placed on the Red List of Threatened Plants
of Croatia, in the Vulnerable category (Markovi¢ et al.
2005), and it is strictly protected by law.

This species is best known for its leaves, which are the
main natural source of arbutin (Asensio et al. 2020),
used for centuries to treat urinary tract infections and
other renal diseases. In addition, bearberry also has edi-
ble fruits (Schiitt 2008). Raw and unprocessed fruits have
an astringent and acidic taste, while cooking and drying
makes them sweeter and more appetizing. Given the sig-
nificance of this plant’s leaves in folk medicine, there are
numerous papers dealing with their phytochemical vari-
ability (Asensio et al. 2020, Shamilov et al. 2021, Sugier et
al. 2021, Kravchenko et al. 2022). However, prior to the
present study, little was known about the morphological
variability of bearberry. In their paper, Remphrey et al.
(1983) analysed the morphology and shrub architecture
of bearberry in north Canada. Due to the variability of
branch architecture and hairiness, as well as leaf hairi-
ness, as many as 14 subspecies and varieties have been
recognized, although nowadays they are considered syn-
onyms by World Flora Online (WFO 2024).

In this study, we investigated the fruit and leaf diversity
of A. uva-ursi populations in the northern area of the
Dinaric Alps. Specifically, we asked three questions: (1)
What is the morphological diversity of bearberry fruits
and leaves in the studied area?; (2) Do the morphomet-
ric traits of fruits and leaves correlate with each other?;
and (3) Are there any differences between the popula-
tions and shrubs within the populations, and is there any
morphological structure within the species in the stud-
ied area?

MATERIALS AND METHODS

Sample collection

In October 2023, samples for leaf and fruit morpho-
metric analyses were collected in three bearberry
populations of northern Dinaric Alps (Figure 1, Table
1): P1-Zavizan; P2-Zecjak; P3-Kiza. For the localities
situated within protected areas, permission to collect
samples was obtained from the Ministry of Economy
and Sustainable Development (UP/I 612-07/21-33/57).
In each locality we selected ten plants with a spacing of
at least 30 m between each individual, and collected sev-
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Table 1 Populations, sampling sites, geographic coordinates, altitude and multivariate diversity index (MDI) for three studied bearberry

populations.
Population ID Population Latitude
P1 Zavizan 44.811461
P2 Zecjak 44.704138
B8 Kiza 44545464

Longitude Altitude (m) MDI Index
14.973303 1557 4.164
14.972831 1340 3.736
15.159640 1096 3.542
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Figure 1 Geographic locations of the studied bearberry populatiohs. Nature Park’s borders are represented by darker shade of blue, while Na-

tional Park’s borders are depicted with light blue colour.

eral small branches from each plant with 20-30 mature
and morphologically intact leaves. Once collected, the
leaves were immediately placed in cardboard folders and
transported back to the Herbarium DEND (University
of Zagreb Faculty of Forestry and Wood Technology).
From the same plants we also collected fruit samples for
morphometric analysis, specifically 20 fruits from each
shrub. The fruits were immediately (on the field) put into
plastic zip-lock bags and placed into a portable cooler.
Upon return to the lab, leaf samples were herbarized
between newspaper sheets, and the fruits were stored in
a refrigerator at 5°C until measurement.

Morphometric analysis

Within five days of collection, the fruits were weighed (m),
and their height (FH) and width (FW) were measured
using a digital caliper (Alpha Tools®, Bahag AG, Ger-
many). Furthermore, after the leaves were herbarized, 20

leaves were randomly selected for morphometric analy-
sis. The leaves were then scanned using a flatbed scanner
MICROTEK ScanMaker 4800 (Microtek International,
Inc., Hsinchu, Taiwan), and the scanned images were
analysed using WinFolia software package (WinFolia™
2001) to obtain leaf morphological parameters. Finally,
we obtained a total of eight leaf traits, including leaf area
(LA), leaf perimeter (P), leaf length (LL), maximal leaf
width (MLW), leaf length measured from the leaf base to
the point of maximum leaf width (PMLW), leaf width at
90% of leaf length (LW90), petiole length (PL), and angle
describing leaf base (LA10), i.e. the angle closed by the
main leaf vein and the line connecting the leaf base to a
set point on the leaf margin, at 10% of total leaf length.
All leaf and fruit measurements were made with a pre-
cision of 0.01 mm. Based on the measured traits we also
calculated three indices, two describing the shape of the
leaf (MLW/LL and PMIW/LL) and one describing the
shape of the fruit (FH/FW).



s

Statistical analysis

Following the procedure described in Sokal and Rohlf
(2012), descriptive statistical parameters for all of the
studied traits were calculated, including arithmetic
mean, standard deviation, coefficient of variability, and
minimal and maximal values. These parameters were
calculated for each population and for the populations
overall. Coeflicients of variation for the studied fruit and
leaf traits were interpreted as described in Depypere et
al. (2007): CV < 10%, small variability; 10% < CV < 20%,
normal variability; and CV > 25%, high variability.

To assess the possibility of conducting parametric tests,
the symmetry, unimodality, and homoscedasticity of the
data were verified (Sokal and Rohlf 2012). Assumptions
of normality were checked using the Shapiro-Wilk test,
and the assumption of homogeneity of variance was
checked using Levene’s test. The original data, which
were nonhomoscedastic, prevented the direct utilization
of parametric analyses. However, after standardization,
the data exhibited a homogeneous level of variation,
allowing us to use parametric tests. Ultimately, sta-
tistically significant differences between the studied
populations and within populations were determined
using hierarchical analysis of variance. The analyses
were performed using the STATISTICA software pack-
age (Statistica 2018).

Pearson’s correlation coefficients were calculated among
all leaf and fruit traits including all studied individuals
using the cor.test functions in R (R Core Team 2016).
Strong correlations were considered those with r values
equal to or greater than 0.7.

The principal component (PC) analysis was conducted
in order to assess populations structure and to reveal the
interactions between individuals and studied morpho-
metric traits. The biplot was constructed by the first two
principal components. The PC analysis was conducted
using the "MorphoTools” R scripts in R v.3.2.2 (R Core
Team 2016) by following the manual by Koutecky (2015).

The Euclidean distance matrix was calculated between all
pairs of individuals based on the scores of the first two
principal components (PC) considering 14 studied fruit
and leaf traits. The average Euclidean distances were cal-
culated for each population and used as the multivariate
diversity index (MDI) of a population (Poljak et al. 2024a).

In addition, the Euclidean distance matrix was also used
in the analysis of molecular variance (AMOVA, Excoffier
et al. 1992) to partition the total morphological variance
among and within populations. The significance levels of
the variance components were determined after 10,000
permutations. The calculations were performed in Arle-
quin ver. 3.5.2.2 (Excoflier and Lischer 2010).
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RESULTS

Descriptive statistics, i.e. means, standard deviations,
minimal and maximal values and coefficient of varia-
tions of each morphological trait, are given in Table 2
for populations, and for the overall populations’ sam-
ple. The coefficient of variations for the overall sample
ranged from 4.2% to 24.5%. In terms of the traits per-
taining only to fruits, only one has normal variability,
namely fruit mass (m), while the other three variables
(FH, FW and FH/FW) are characterized by low variabil-
ity. Furthermore, the leaves were found to have nine out
of ten studied traits with variability ranging from 11.5%
to 24.4%, i.e. normal variability. The PMLW/LL variable
exhibited variability under 10%.

Average fruit mass (m) for populations overall was 0.24
g, fruit height was 6.7 mm, and fruit width was 7.7 mm.
The fruit length-to-width ratio was 0.87, ranging from
0.79 to 0.99. The highest average fruit mass (m) of 0.37
g was measured on a shrub from population Ze¢jak, and
the lowest average of 0.15 g on a shrub from population
Zavizan.

Average leaf blade length (LL) and width (MLW) were
1.5 cm and 0.7 cm, respectively. Leaf blade length (LL)
and width (MLW) ranged from 1.06 to 1.95 cm, and
from 0.57 to 0.95 cm, respectively. Leaf blade width at
90% of leaf blade length (LW90) was significantly lower
than maximum leaf blade width (MLW), amounting to
0.45 cm. The leaf blade length/width ratio (MLW/LL)
ranged from 0.34 to 0.59, and the ratio of length and dis-
tance from leaf blade base to the point of maximum leaf
width (PMLW/LL) ranged from 0.55 to 0.66. The petiole
(PL) was 0.43 cm long on average.

The results of the correlation analysis of the studied
leaf and fruit morphological traits showed 57 signifi-
cant correlations, out of 91 possible pairs (Table 3). The
majority of those were positive, with only eight negative
correlations found. Furthermore, out of the total num-
ber of correlations, only 17 demonstrated r values larger
than 0.7.

When leaf traits are considered, 32 significant cor-
relations were detected, among which 12 were strong
(r<0.7). The largest number of correlations was observed
for PMLW (nine) and LL (eight), and the lowest for
LA10 (five) and PMLW/LL (three). Observing the fruit
morphological traits, significant correlations were noted
between all tested pairs except between fruit mass (m)
and FH/FW. On the other hand, fruit mass (m) was
strongly correlated with fruit width (FW) and fruit
height (FH).

The analysis of leaf and fruit traits showed 20 significant
correlations, all positive. No significant correlations were
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Table 2 The results of the descriptive statistical analysis for the studied populations and morphometric traits. Fruit morphometric traits analysed:
m-fruit mass (g); FH-fruit height (mm); FW—fruit width (mm); FH/FW-fruit height/fruit width. Leaf morphometric traits analysed: LA-leaf area
(cm?); P—leaf perimeter (cm); LL—leaf blade length (cm); MLW—maximum leaf width (cm); PMLW-leaf blade length measured from the leaf
base to the point of maximum leaf width (cm); LW90-leaf blade width at 90% of the leaf blade length (cm); LA10—angle closed by the main
leaf vein and the line defined by the leaf blade base and the point on the leaf margin, at 10% (°); PL—petiole length (cm); MLW/LL—maximum
leaf width/leaf blade length; PMLW/LL-leaf blade length measured from the leaf base to the point of maximum leaf width/leaf blade length.
Descriptive parameters: M-arithmetic mean, SD-standard deviation; Min-Max-range; and CV—coefficient of variation (%).

Descriptive Population
parameters Zavizan Zecjak
M=SD 0.22+0.06 0.25+0.06 0.24=0.06 0.24+0.06
m Min—Max 0.15-0.35 0.19-0.37 0.18-0.35 0.15-0.37
CV (%) 28.06 22.88 23.82 24.45
M=SD 6.68+0.77 6.69+0.43 6.71=0.49 6.69+0.56
FH Min—-Max 5.69-8.39 5.95-7.62 5.97-7.31 5.69-8.39
CV (%) 11.51 6.49 1.35 8.42
M=SD 7.51+0.61 7.86+0.76 7.80+0.61 1.73=0.66
FW Min—Max 6.51-8.48 6.92-9.40 71.22-9.10 6.51-9.40
CV (%) 8.18 9.70 1.85 8.58
M=SD 0.89=0.07 0.85+0.06 0.86+0.06 0.87=0.06
FH/FW Min—-Max 0.80-0.99 0.79-0.95 0.80-0.97 0.79-0.99
CV (%) 1.57 6.81 6.75 7.05
M=SD 0.79+0.21 0.82+0.23 0.77=0.16 0.79+0.19
LA Min—-Max 0.49-1.17 0.59-1.28 0.52-0.97 0.49-1.28
CV (%) 26.02 27.33 21.03 24.41
M=SD 3.68+0.53 3.81+0.44 3.87x0.55 3.79x0.50
P Min—Max 2.72-4.63 3.25-4.59 3.07-4.64 2.12-4.64
CV (%) 14.27 11.66 14.12 13.09
M=SD 1.48+0.22 1.55+0.17 1.59=0.24 1.54=0.21
LL Min—Max 1.06-1.85 1.31-1.81 1.23-1.95 1.06-1.95
CV (%) 14.63 10.73 15.24 13.56
M=SD 0.72+0.09 0.72+0.13 0.67+0.07 0.70=0.10
MLW Min—-Max 0.61-0.88 0.60-0.95 0.57-0.77 0.57-0.95
CV (%) 12.88 17.67 10.65 14.20
M=SD 0.89%+0.13 0.93+0.09 1.01=0.17 0.94=0.14
PMLW Min—Max 0.63-1.12 0.80-1.07 0.78-1.27 0.63-1.27
CV (%) 14.85 10.06 17.02 14.97
M=SD 0.46=0.06 0.45+0.08 0.43+0.04 0.45=0.06
LW90 Min—Max 0.41-0.57 0.37-0.61 0.40-0.49 0.37-0.61
CV (%) 12.32 18.71 8.78 13.72
M=SD 39.33+3.87 40.48+4.16 36.23+5.01 38.68+4.60
LA10 Min—-Max 34.11-45.60 33.75-46.30 27.80-43.90 27.80-46.30
CV (%) 9.85 10.29 13.84 11.89
M=SD 0.41=0.09 0.44+0.09 0.43+0.05 0.43+0.07
PL Min—Max 0.28-0.60 0.31-0.61 0.34-0.56 0.28-0.61
CV (%) 20.70 19.65 12.60 17.50
M=SD 0.49=0.04 0.47+0.05 0.42+0.04 0.46=0.05
MLW/LL Min—-Max 0.45-0.59 0.40-0.56 0.34-0.47 0.34-0.59
CV (%) 8.12 11.80 9.28 11.51
M=SD 0.60+0.02 0.60=£0.02 0.63+0.02 0.61+0.03
PMLW/LL Min—Max 0.55-0.64 0.58-0.64 0.59-0.66 0.55-0.66

CV (%) 3.73 3.01 3.45 4.16
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Table 3 The results of correlation analysis between studied leaf and fruit traits. Morphometric traits’ acronyms as in Table 2. *** significant at
p < 0.001, ** significant at 0.001 < p < 0.01, * significant at 0.01 < p < 0.05, ns depicts non-significant values (p > 0.05).

***

m ns
FH 0.772 *xx * *xx *xk
FW 0.955  0.652 * ** **
FH/FW -0.227 0407 -0.425 ns ns
LA 0.637  0.727 0576  0.166 xxx
P 0.683  0.741 0.586  0.182  0.915
LL 0.680 0.722 0579 0171  0.850  0.988
MLW 0.506  0.584  0.464 0.125 0.933  0.730
PMLW 0.616  0.649 0505 0175 0.723  0.929
LW90 0.459 0573 0426 0.154  0.893  0.704
LA10 -0.228 0128 -0.087 -0.063 -0.071 -0.416
PL 0.431 0.554 0325 0.256 0.617  0.632
MLW/L  -0.195 -0.175 -0.118 -0.088 0.096 -0.292
PMLW/LL  -0.019 -0.036 -0.081 0.061 -0.178  0.094

detected between fruit traits and traits related to leaf
shape, or between leaf traits and FW/FH, i.e. the trait
describing the shape of the fruit.

The first three principal components had eigenvalues
above 1 and accounted for 84.7% of total variability
(Table 4). The first principal component (PC1) was highly
positively correlated with nine leaf and fruit traits (P, LL,
LA, PMLW, FH, m, MLW, LW90 and FW), all referring
to the size of the leaf and fruit. The second principal
component (PC2) was highly positively correlated
with two leaf traits (MLW/LL and LA10), and highly
negatively with one leaf trait (PMLW(LL), whereas
the third principal component was highly positively
correlated with one fruit trait (FH/FW). The traits highly
positively or negatively correlated with the second and
third principal component relate to the leaf and fruit
shape. Furthermore, there was no clear grouping of
individuals by population within the studied data.

At the level of individual traits, the populations differed
in only one (MLW/LL) of the 14 studied morphological
traits (Table 5). AMOVA demonstrated that the
differences between the studied individuals within the
populations account for 100% of the total variability.
Furthermore, to determine the diversity within each of
the studied populations, multivariate diversity index
(MDI) values were calculated. The MDI values in the
studied populations (Table 1), based on fruit and leaf
morphological traits, ranged from 3.542 (P3-Kiza) to
4.164 (P3-Zavizan).

MW PMLW  LWS0  LA10 sl AR

m n

* KK *¥* * KK * ns * ns ns

** * ** * ns ns ns ns

ns ns ns ns ns ns ns ns

* KK * K ¥ * KK * KK ns *X* ns ns

* ¥ ¥ * KK *% *% *X* * ns

0.629 # e o o * ns

05% 093 0505 ns xx * ns

0508 0146 -0645  0.130 ns ex e

0.600 0.488 0.581 0.556  -0.171 ns ns

0420 0426 -0551 0392 0738 -0.161 *
0160 -0.344 0430 -0.119 -0.625 0134  -0.589

Table 4 Pearson’s correlation coefficients between morphometric
traits and scores of the first three principal components. Morphomet-
ric traits” acronyms as in Table 2.

PC—principal component

Trait
PC1 PC2 PC3
m 0.795 0.007 -0.521
FH 0.837 0.055 0.064
FW 0.700 0.095 -0.675
FH/FW 0.154 -0.068 0.884
LA 0.929 0.304 0.107
P 0.970 -0.094 0.075
LL 0.945 -0.221 0.043
MLW 0.770 0.569 0.130
PMLW 0.881 -0.428 0.069
LW90 0.762 0.487 0.197
LA10 -0.323 0.831 -0.008
PL 0.692 -0.025 0.258
MLW/LL -0.202 0.915 0.070
PMLW/LL 0.069 -0.784 0.106
Eigenvalue 7.12 3.06 1.67
Variability (%) 50.87 21.83 11.96
VSr”.?bﬂ'.?i'Y% ) 5087 72.70 84.66
DISCUSION

The leaf dimensions of A. uva-ursi obtained in this
research were consistent with the data provided in the
botanical literature (Krissmann 1962, Schiitt 2008).
Specifically, the average leaf in Croatian bearberry
populations measured 1.5 cm in length and 0.7 cm in
width, which falls within the respective ranges of 1-3
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Table 5 The results of the hierarchical analysis of variance. Morphometric traits’ acronyms as in Table 2.

Trait Components of the variance F p-value Variability (%)
Among populations 0.55 0.58 0.00
m Within populations 47.39 0.00 66.17
Error 33.83
Among populations 0.00 1.00 0.00
FH Within populations 34.90 0.00 58.82
Error 41.18
Among populations 0.81 0.45 0.00
FW Within populations 41.14 0.00 63.09
Error 36.91
Among populations 0.99 0.39 0.00
FH/FW Within populations 46.66 0.00 67.10
Error 32.90
Among populations 0.22 0.80 0.00
LA Within populations 21.83 0.00 49.57
Error 50.43
Among populations 0.35 0.7 0.00
P Within populations 22.81 0.00 50.97
Error 49.03
Among populations 0.72 0.50 0.00
LL Within populations 24.05 0.00 53.03
Error 46.97
Among populations 1.01 0.38 0.05
MLW Within populations 20.34 0.00 49.14
Error 50.81
Among populations 2.04 0.15 4.82
PMLW Within populations 18.18 0.00 43.98
Error 51.20
Among populations 0.44 0.65 0.00
LW90 Within populations 13.88 0.00 38.16
Error 61.84
Among populations 2.52 0.10 8.29
LA10 Within populations 27.80 0.00 52.52
Error 39.19
Among populations 0.33 0.73 0.00
PL Within populations 16.17 0.00 41.90
Error 58.10
Among populations 6.33 0.01 15.75
MLW/LL Within populations 18.32 0.00 41.78
Error 42.48
Among populations 2.67 0.08 9.62
PMLW/LL Within populations 4.93 0.00 14.34

Error 73.04
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Figure 2 Biplot of the principal component analysis (PCA) based on 14 fruit and leaf morphometric traits in the studied bearberry populations.
Each individual shrub is indicated by a small sign, while the population barycenters are represented by larger ones. Morphometric traits’ acro-

nyms as in Table 2.

cm and 0.5-1 cm listed by the mentioned authors.
The same applies to the dimensions of the fruits,
which, with an average height of 6.7 mm, fall within
the range of 6-8 mm specified by Schiitt (2008) and
Idzojti¢ (2019). Furthermore, bearberry demonstrated
moderate coefficients of variability, ranging from 7.1
to 24.5% in fruit morphology, and from 4.2 to 24.4%
in leaf morphology. This represents approximately half
the variability of another Arctic-alpine species, Dryas
octopetala, whose variability of comparable traits ranged
from 27.6 to 56.2% (Marcysiak 2014).

Significant correlations were found between both fruit
and leaf morphometric traits. These findings align with
general expectations, as it is well-known that when
one dimension of a fruit or leaf increases, other related
dimensions also tend to increase, indicating the linked
nature of their development. Furthermore, significant
correlations were also found between bearberries
leaf and fruit morphological traits, particularly those
related to leaf and fruit size. In other words, shrubs with
smaller leaves had smaller fruits, and vice versa. Such
correlation analyses are rarely conducted and often
result in no significant correlations or only weak ones
(Poljak et al. 2024b). Nonetheless, our results align with
the findings of Fishler et al. (1983), who highlight leaf
area as a crucial factor influencing fruit growth. A larger
photosynthetically active leaf area could contribute more
to better fruit development, ultimately affecting fruit size.

The finding that bearberry populations on Velebit do not
differ significantly is indeed unexpected, given the typical

genetic differentiation observed in alpine landscapes
with high mountain ridges and steep valleys, which often
limit gene flow among plant populations (Cain et al.
2000, Theurillat and Guisan 2001). This usually results
in stronger genetic differentiation among populations
compared to more homogeneous landscapes (Till-
Bottraud and Gaudeul 2002). Alternatively, heterogeneity
across small spatial scales in these habitats could also
favour adaptive phenotypic plasticity (Alpert and Simms
2002, Hamann et al. 2016). However, in our study,
100% of the morphological variability was attributed
to within-population variability. This suggests effective
and strong gene flow between populations, which in the
case of the barberry populations can be explained by
the movement of the wildlife, such as deer, bears, and
various small mammals and bird species, which feed on
bearberry fruits (Crane 1991), and the historical and
ongoing pastoral movements on the Velebit Mountain
(Alegro and Segota 2019). This human-mediated seed
dispersal, along the wildlife gene flow, could counteract
the population isolation typically caused by the rugged
alpine terrain. In general, such effective gene flow ensures
a healthy and resilient ecosystem by maintaining genetic
diversity within plant populations, which is essential for
their long-term survival and adaptability (Ellstrand and
Elam 1993, Frankham 1996).

Furthermore, another possible explanation for the lack
of differentiation between the studied populations might
stem from their evolutionary history and recolonization
processes after the last glaciation. Considering their
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geographical proximity, it is safe to assume they
originated from the same refugial area. Comparable
patterns of limited population differentiation, or more
precisely, the absence of significant differentiation,
have also been observed in other woody species, such
as Juniperus deltoides R.P.Adams (Brus et al. 2010) and
Salix reticulata L. (Marcysiak 2012).

Contrary to the assumption that altitude affects plant
morphology (Korner et al. 1989, Cruz-Maldonado
et al. 2021), our research shows that the bearberry
populations we studied did not show any variations in
their leaf and fruit morphology along the altitudinal
gradient. This lack of phenotypic plasticity could be due
to several reasons. Firstly, such a small, procumbent
shrub with evergreen and small leaves may exhibit less
morphological plasticity compared to physiological
traits due to the inherent stability of structural
characteristics in response to environmental changes
(Arnold et al. 2022). Additionally, we cannot exclude
the possibility that some morpho-anatomical traits,
such as leaf thickness and stomatal density, in bearberry
populations that we studied change with altitude, which
has been previously reported in alpine plants (Bertel
et al. 2022). Furthermore, similar soil conditions in
mountainous pastures where these populations are
located may have favoured the same phenotypes and
the absence of phenotypic plasticity. Such consistent
environmental conditions across different altitudes
could lead to uniform selection pressure, resulting in
similar leaf and fruit morphological traits despite the
variation in altitude. Finally, studies on alpine plants,
such as Arabis alpina L. (de Villemereuil et al. 2018),
have indicated that populations from higher altitudes
often exhibit reduced phenotypic plasticity compared to
those from lower altitudes. This reduced plasticity could
be explained by the extreme and stable environmental
conditions at higher altitudes, which favour more
specialized and less plastic traits. Nevertheless, although
we did not find variations in leaf and fruit morphology
along the altitudinal gradient, we did observe that
population diversity changes with altitude. Specifically,
the population from the lowest elevation exhibited the
least variability, while the population from the highest
elevation showed the greatest diversity.

Along with effective gene flow and the size of bearberry
populations, an additional factor that positively affects
the maintenance of high diversity within populations
is the fact that these populations are located within
national parks and nature parks. Protected areas are
known to play a key role in biodiversity conservation and
in reducing exploitation of the species of interest, leading
to greater species richness and its abundance (Gray et

al. 2016, Cavalcante de Souza and Prevedello 2020).
The legal protection helps to ensure the conservation of
bearberry’s genetic diversity, which is crucial for its long-
term survival. Protecting such species in their natural
habitats is essential for maintaining overall biodiversity
and ecosystem stability (Hanjali¢ Kurtovi¢ et al. 2025).
In general, the protection of mountain plants involves
preserving their natural habitats, preventing habitat
fragmentation, and mitigating the impacts of climate
change. As the results of our study indicate, conservation
efforts should also focus on maintaining traditional
land-use practices that support biodiversity, such as
sustainable grazing. Legal protection, public awareness,
and scientific research including long-term monitoring
are essential components in the effective conservation of
these species.

CONCLUSIONS

The study revealed several important conclusions
regarding the morphological variability of bearberry
populations in the Dinaric Alps. Firstly, the observed
morphological variability in fruit and leaf traits was
generally moderate. This moderate variability aligns
with previous studies on similar species in different
regions, suggesting a stable pattern of morphological
varijability within this species. Significant correlations
were identified among both fruit and leaf traits, as
well as between them, which supports the notion that
leaf area significantly influences fruit development,
highlighting the connection of vegetative growth and
reproductive success. No significant differences were
found among populations, as all variability was being
attributed to within-population differentiation. This
unexpected pattern of morphological variability could
be explained by several factors: the effective gene flow
facilitated by the movement of wildlife and human-
mediated seed dispersal through traditional pastoral
practices; the evolutionary history and recolonization
processes after the last glaciation; and the absence of
phenotypic plasticity in structural traits. All in all, our
study emphasizes the importance of conservation efforts
in maintaining species diversity and ecosystem stability.
The legal protection of bearberry populations within the
Northern Velebit National Park and Velebit Nature Park
appears to play a crucial role in preserving the diversity
of bearberry populations.
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